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The adult visual system is optimally tuned to process the spatial properties of natural scenes, which is
demonstrated by sensitivity to changes in the 1/fa amplitude spectrum. It is also well documented that
different aspects of spatial vision, including those likely responsible for the perception of natural scenes
(e.g., spatial frequency discrimination), do not become mature until late childhood. This led us to hypoth-
esise that the developing visual system is not optimally tuned to process the spatial properties of real-
world scenes. The present study investigated how sensitivity to the statistical properties of natural
images changes during development. Thresholds for discriminating a change in the slope of the ampli-
tude spectrum of a natural scene with a reference a of 0.7, 1.0, or 1.3 where measured in children aged
6, 8, and 10 years (n = 16 per age) and in adults (mean age = 23). Consistent with previous studies, adults
were least sensitive for the shallowest a (i.e., 0.7) and most sensitive for the steepest a (i.e., 1.3). Six- and
8-year-olds had signiﬁcantly higher discrimination thresholds compared to the 10-year-olds and adults
for a’s of 1.0 and 1.3, and 10-year-olds did not differ signiﬁcantly from adults for any of the a’s tested.
These data suggest that sensitivity to detecting a change in the spatial characteristics of natural scenes
during childhood may not be optimally tuned to the statistics of natural images until about 10 years of
age. Rather, is seems that perception of natural images could be limited by the known immaturities in
spatial vision (Ellemberg, Lepore, & Turgeon, 2010). The question remains as to whether the adult’s exqui-
site sensitivity to the spatial properties of the natural world is experience driven or whether it is part of
our genetic programming that only fully expresses itself in late childhood.
Crown Copyright  2012 Published by Elsevier Ltd. All rights reserved.1. Introduction
The human visual system is particularly sensitive to the spatial
and contrast information that dominate the natural environment
(Hansen & Hess, 2006; Knill, Field, & Kersten, 1990; Tadmor & Tol-
hurst, 1994). Fourier analyses of natural scene photographs indicate
that most contain similar statistical regularities. The typical ampli-
tude spectrum of any given natural scene image generally peaks at
the lowest spatial frequency and falls with increasing spatial fre-
quency (f) in accordance with the 1/fa relationship on a logarithmic
scale (this formula can also be expressed as amplitude / fa). The
slope (a), which describes the fall-off of amplitude with increasing
spatial frequency, typically ranges from 0.9 to 1.2 (Burton & Moor-
head, 1987; Hansen & Essock, 2005; Ruderman & Bialek, 1994;
Thomson & Foster, 1997; Tolhurst, Tadmor, & Chao, 1992; van der
Schaaf & van Hateren, 1996). Several authors noted the similarity
between the 1/fa amplitude spectrum of natural images and the012 Published by Elsevier Ltd. All r
Ellemberg).shape of the high spatial frequency roll-off of the adult contrast sen-
sitivity function (Field, 1987; Ruderman & Bialek, 1994; van der
Schaaf & van Hateren, 1996). Further, independent component
analyses of natural images yield spatial frequency distributions that
are band-pass, and have characteristics that are similar to those of
spatial frequency selective channels that mediate early visual pro-
cessing (Ellemberg, Allen, & Hess, 2006; Olshausen & Field, 1996;
van der Schaaf & van Hateren, 1996). This led to the hypothesis that
the processing strategies of the adult visual system are optimised to
analyse information from the natural world (Barlow, 1961; Knill,
Field, & Kersten, 1990; Laughlin, 1983).
One approach to verify that the human visual system is opti-
mally responsive to the particular spatial characteristics of natural
scenes has been to measure visual sensitivity to a change in the
slope of the amplitude spectrum as a function of the reference a.
Slope discrimination thresholds for broad-band noise presented
in the fovea (Knill, Field, & Kersten, 1990), and for photographs
of natural images presented in the para-fovea (Tadmor & Tolhurst,
1994), are lowest when the slope of the reference image falls
between 1.2 and 1.8. Hansen and Hess (2006) conﬁrmed that the
ability to discriminate a change in the slope of the amplitudeights reserved.
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when the slope of the reference image ranges from 0.95 to 1.4. Spe-
ciﬁcally, slope discrimination thresholds are about 1.3 times lower
for images that have a slope steeper than 0.9 compared to those
that have a shallower slope. In addition, slope discrimination
thresholds for natural images that are presented in the para-fovea
are not inﬂuenced by the slope of the reference image and they are
higher than those measured in the fovea when the slope of the ref-
erence is 60.85. Taken together, these ﬁndings suggest that the hu-
man visual system is equipped to process visual information with
the spatial characteristics that are most likely to be encountered in
the natural environment.
We now know that the development of many aspects of visual
perception extends beyond early infancy, to reach adult-like per-
formance later during childhood and even during adolescence
(Ellemberg, Lewis, Hong Liu, et al., 1999; Ellemberg et al., 2004;
Ellemberg, Lepore, & Turgeon, 2010; Kovács, 2000). This is also
the case for aspects of spatial vision that reﬂect the response char-
acteristics of neuronal mechanisms that are responsible for the
perception of natural scenes including spatial contrast sensitivity,
spatial frequency discrimination, and orientation discrimination.
For example, the ability to detect changes in spatial frequency
and luminance – which are considered the fundamental building
blocks of visual perception – is critical for several processes in real
world perception, including edge extraction, image segregation,
and texture segmentation. This is consistent with the band-limited
contrast model proposed by Tolhurst and Tadmor (1997), in which
the threshold for detecting a change in contrast within an octave
bandwidth of spatial frequency in 1/fa amplitude spectrum noise
is comparable to the threshold for detecting changes in contrast
for simple gratings.
Spatial contrast sensitivity develops proportionately across all
spatial frequencies during childhood (Bradley & Freeman, 1982;
Ellemberg, Lewis, Hong Liu, et al., 1999; Mantyjarvi et al., 1989).
The spatial contrast sensitivity function of 4- and 5-year-olds is
lower than that of the adult by a factor of 2. After a signiﬁcant
maturation between 5 and 6 years of age, contrast sensitivity is
adult-like at the age of 7 (Ellemberg, Lewis, Hong Liu, et al.,
1999). In contrast, spatial frequency discrimination follows a
different pattern of development than spatial contrast sensitivity,
as its maturation varies as a function of spatial frequency, and
adult-like performance is achieved later. Six and 8-year-olds are
nearly four times less sensitive than adults at detecting a change
in a baseline grating of 1 cpd, whilst they are half as sensitive as
adults at detecting a change when the baseline grating has a spatial
frequency of 5 cpd. Maturation is complete by the age of 10 for
both spatial-frequencies (Ellemberg, Lepore, & Turgeon, 2010).
If the perception of natural scenes is linked to the response pro-
ﬁle of low-level perceptual mechanisms (viz., spatial frequency
discrimination), the developing visual system is likely not opti-
mally tuned to process the spatial properties of real-world scenes;
rather we expect that the perception of natural images is limited
by the known immaturities in spatial vision. The aim of the present
study was to examine how sensitivity to the statistical properties
of natural images (i.e., the slope of amplitude spectrum) changes
during development.2. Experiment 1
Knill, Field, and Kersten (1990) assessed slope discrimination
thresholds by asking their trained observers to indicate which of
two sequentially presented stimuli had the lower a. Unlike spatial
frequency discrimination, which is easily measured in children
and adults by asking them to indicate which of the two gratings
has the ‘thinner’ or ‘bigger’ stripes, assessing amplitude slopediscrimination in that manner requires observers to have an accu-
rate mental image of the slope of the amplitude spectrum. Tadmor
and Tolhurst (1994) overcame this issue by means a spatial three-
alternative forced-choice task. Participants had to indicate which
of the three patterns ﬂashed 1 from the fovea differed from the
two others (its slope was shallower or steeper than that of the
two other images). However, this converts the task into a para-fo-
veal measure of natural image perception. Hansen and Hess
(2006) resolved this by proposing a three-interval, two-alternative
forced-choice task. Three imageswere presented sequentially at the
fovea for a duration of 250 ms each, separated by a 500 ms interval.
Participants indicated if the image in the ﬁrst or the one in the third
interval matched the image presented in the second interval.
Although, after some practice trails, this is a relatively simple task
for adults, it is challenging for children and because of well docu-
mented developmental limitations in visual short-term and work-
ing memory (Cowan et al., 2006; Luciana et al., 2005; Riggs,
Simpson, & Potts, 2011), this task in not appropriate for 6-year-olds.
To overcome these concerns we opted to devise a simple
same-different forced-choice task driven by a two-interval
adaptive 2-down, 1-up staircase. During each trial, one interval
randomly presented a natural image with the reference a (i.e.,
0.7, 1.0, and 1.3), and the other interval presented the same natural
image, but with a higher a. The a of the test image decreased to-
wards that of the reference stimulus after two ‘different’ responses,
and increased after one ‘same’ response. Although this task is easy
to understand and allows data collection with large groups of
young children, it also comes with its own set of issues. Because
the stimulus pairs are always different, we are unable to compare
hits and false alarms, which ultimately prevented us from identify-
ing the role, if any, of the observers’ response criterion. This was
controlled for in Experiment 2, which measured thresholds with
fewer groups of children by means of the three-interval, two-alter-
native forced-choice task proposed by Hansen and Hess (2006).
2.1. Methods
2.1.1. Participants
The participants were groups of 6-year-olds (SD = 0.4 months),
8-year-olds (SD = 0.6 months), 10-year-olds (SD = 0.8 months), and
adults (mean = 23.2 years; SD = 0.8 years) (n = 16 per age group).
The children who participated in this and the subsequent experi-
ment were recruited from summer camps, and the adults from the
undergraduate population of the university. To be included in this
and the subsequent experiment, all observers had to meet the
following criteria on a visual screening examination: acuity of at
least 20/20 on the Landolt ring chart (PrecisionVision, Chart#2205).
The parents of the children completed a general health question-
naire about their child to allow us to screen for neurological
disorders, leaning disabilities, and attention deﬁcit disorder.
2.1.2. Apparatus
The stimuli were presented on a 2200 Mitsubishi Diamond Pro
2070SB CRT driven by an Intel Core 2 Duo processor (2.66 GHz
and 4-GB RAM) equipped with an 8-bit grayscale resolution graph-
ics card (ASUS Extreme AX300). Stimuli were linear with the out-
put values of the digital camera from which they were obtained
(pixel luminance was not corrected for the camera’s gamma func-
tion, but the monitor was gamma corrected (i.e., corrected to 1.0)).
Mean luminance was 59 cd/m2, frame rate 120 Hz, and resolution
1600  1200 pixels.
2.1.3. Stimuli
The stimuli consisted of images of the natural environment (i.e.,
forests, ﬁelds, lakes, rivers, shrubbery, etc.) that did not contain any
carpentered structure (refer to Hansen and Essock (2004) for
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the stimuli). The natural scenes consisted of RGB 3456  2304 pix-
el images selected from a database of over 5000 natural images ob-
tained from the McGill calibrated colour image set (Olmos &
Kingdom, 2004) and an image set already used by our group (Han-
sen & Essock, 2004; Johnson, Kingdom, & Baker, 2005). They were
converted to grayscale using the formula from the National Televi-
sion Standards Committee (i.e., luminosity = 0.299  R(x) +
0.587  G(x) + 0.144  B(x)). The amplitude spectra of the images
were adjusted with a Discrete Fourier Transform (DFT) using MAT-
LAB (Mathworks Inc., Natick, MA) and the Image Processing tool-
box. For each image, the slope of the amplitude spectrum was
measured across all orientations, and averaged. For natural images,
low frequencies tend to cluster around the horizontal and vertical
meridian (Johnson & Baker, 2004) and higher spatial frequencies
tend to suffer from noise caused by the optics of the camera and
aliasing in the frequency domain (van der Schaaf & van Hateren,
1996). Therefore, to prevent any bias related to over and under-
sampling of the spatial frequencies, the rotational average was
plotted on logarithmic coordinates, excluding the highest and low-
est frequencies. The slope (a) of this line was then calculated using
linear regression. The slope could then be modiﬁed by multiplying
the original slope by a factor that made the amplitude spectrum
steeper (>a) or shallower (<a) relative to the original slope. Modi-
fying the slope of the power spectrum with this method will result
in an overall change to the total amount of power within the spec-
trum (Bracewell, 1989). That is, the resulting energy within a given
slope modiﬁed spectrum will vary depending on the chosen slope.
In order to eliminate this, all images had their power spectra nor-
malised to the same value before being inverse Fourier trans-
formed back into the spatial domain. For the 0.7 group the
average alpha was 0.7042, with a SD of 0.0293. For the 1.0 group
the average alpha was 0.9919 with an SD of 0.0287, and for the
1.3 group the average alpha was 1.36592, with an SD of 0.1264.Fig. 1. Example of natural imageThen for each group of patches, we normalised the slope to the test
slope value (0.7, 1.0 and 1.3). All images had the same rms contrast
(0.2) and grayscale mean (0.5), and were windowed with a circular
edge-blurred aperture (ramped to mean luminance) to eliminate
sharp boundaries at the edge of the image. The windowed images
subtended 10 of visual angle at a viewing distance of 70 cm.2.1.4. Procedure
The participants were tested in a double wall audiometric
sound isolation room (Génie Audio, Québec, Canada). The only
source of luminance was the computer monitor. Head position
and viewing distance were stabilised with a forehead and chin rest.
The display was viewed binocularly with the natural pupil at a dis-
tance of 70 cm. Slope discrimination thresholds were determined
by means of a two-interval adaptive staircase procedure. On a gi-
ven trial, participants had to indicate if the two stimuli were the
same or different. Before measuring thresholds, participants were
familiarised with the stimuli and procedures and we veriﬁed that
they understood the task.2.1.4.1. Demonstration and criterion phase. To familiarise the
observers with the stimuli, they viewed six natural images pre-
sented subsequently on the screen. Then, to ensure that the partic-
ipants understood the task they had to correctly indicate if 6 pairs
of images (each pair presented subsequently for 500 ms on the
screen) were the same or different. Randomly, three of the image
pairs had the same amplitude spectrum slope (i.e., 0.7, 1.0, and
1.3) and three image pairs had a 50% difference in slope. All partic-
ipants met criterion on their ﬁrst try.2.1.4.2. Practice phase. To ensure that the participants understood
the psychophysical procedure and that they persevere as the task
becomes more difﬁcult (i.e., as the difference in slope betweens used in the present study.
Fig. 2. Slope discrimination thresholds for each age group tested as a function of
three reference a’s.
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consisted of an entire staircase.
2.1.4.3. Testing phase. All observers received the same verbal
instructions. They were asked to maintain ﬁxation on a point
(0.3 in diameter) that appeared between trails and for each trial
they were asked to indicate if the two images looked the same or
different. The participants’ answer was entered on a keyboard by
the experimenter who was sitting beside the monitor facing the
participant. The experimenter was unaware of the slope of the
amplitude spectrum of the images that were presented. Trials were
initiated when the experimenter judged that the participant ﬁx-
ated the centre of the monitor. Participants did not receive feed-
back regarding the exactitude of their response, but the children
were praised periodically and were reminded to watch carefully.
A two-interval paradigm combined with a 2-down, 1-up stair-
case procedure (Levitt, 1971) measured thresholds for discriminat-
ing a change in the slope of the amplitude spectrum of natural
images. During each trial, one interval randomly presented a natu-
ral image with the reference a and the other interval presented the
same natural image, but with a higher a. Staircase data were in-
spected post hoc to conﬁrm that the target a always remained
greater than the reference, thereby avoiding negative thresholds.
A different natural image was presented on each trial. For a given
trial the natural images were each presented for 500 ms, separated
by a 500 ms inter-stimulus interval that contained a noise mask to
eliminate any potential retinal afterimage. The a of the test image
decreased towards that of the reference stimulus after two ‘differ-
ent’ responses, and increased after a single ‘same’ response. The
psychometric function converged at 70.7%. On the ﬁrst trial of each
block, the test image had an a that was 50% higher than that of the
reference. Step size decreased to 25% for the subsequent reversals.
Thresholds were calculated from the mean of the last eight rever-
sals. To control for the effects of practice or fatigue, the order of
testing for the three experimental conditions (i.e., 0.7, 1.0, and,
1.3) was randomised across participants for each age group. Partic-
ipants ran one entire staircase for each of the three reference a’s.
Five minute pauses were provided between conditions and the
participants took pauses as required. The data were collected in a
single session that lasted on average 40 min.
2.1.5. Data analyses
The data were analysed by means of a mixed Analysis of Vari-
ance (ANOVA) with one between-subjects factor (age) and one
within-subjects factor (slope). A Greenhouse–Geisser correction
for sphericity was applied and Tukey tests were used for the post
hoc analyses.
2.2. Results
Group thresholds for slope discrimination are shown in Fig. 2.
The ordinate presents discrimination thresholds and the abscissa
presents the slope of the reference. Each line on the graph shows
the data from a given age group. Consistent with previous studies,
adults were least sensitive for the shallowest a and most sensitive
for the steepest a (Hansen & Hess, 2006), whilst the 6-year-olds ap-
peared to be equally sensitive for each reference a tested. The AN-
OVA revealed a signiﬁcant interaction, F(6,120) = 30.10, p < 0.05,
g2p = .60, a main effect of age, F(3,60) = 46.12, p < 0.05, g2p = .54,
and a main effect of reference a, F(2,120) = 224.85, p < 0.05,
g2p = .79. The post hoc analyses of the interaction lead to four con-
clusions. First, the 6- and 8-year-olds had signiﬁcantly higher dis-
crimination thresholds compared to the 10-year-olds and adults
for a’s of 1.0 and 1.3 (ps < 0.01). Second, although the ﬁgure shows
that the 6-year-olds’ thresholds are higher than those of the
8-year-olds, the means for these two age groups did not differsigniﬁcantly. Third, the thresholds of none of the age groups dif-
fered signiﬁcantly for the a of 0.7 (p > 0.10). Finally, the 10-year-
olds’ thresholds did not differ signiﬁcantly from those of adults
for any of the a’s tested (p > 0.10).
Under the present testing conditions, slope discrimination ap-
pears to be adult-like by 10 years of age, whilst immaturities are
present for the two youngest age groups for reference a’s of 1.0
and 1.3. The 6- and 8-year-olds appear to be equally sensitive for
each reference a tested. As indicated previously, we opted for a
psychophysical procedure that was simple to understand and per-
form for young children, but for which we were unable to directly
verify possible responses biases. Experiment 2 veriﬁed that the
slope discrimination thresholds obtained in the present experi-
ment were not confounded with the participants’ response crite-
rion by using a psychophysical procedure for which there is both
a correct and an incorrect response option.
3. Experiment 2
3.1. Participants
Two new groups of 8- and 10-year-olds (SD = 0.6 months)
(n = 10 per group) participated in the present experiment. The
recruitment and the inclusion criteria were the same as for Exper-
iment 1.
3.2. Stimuli
The stimuli were taken from the same database of natural
images that was used in Experiment 1. However, we only tested
the steepest and the shallowest reference a’s (i.e., 0.7 and 1.3).
3.3. Procedure
Except for the psychophysical paradigm, all other experimental
conditions were the same as for Experiment 1. Slope discrimina-
tion thresholds were determined by means of a three-interval,
two-alternative forced-choice task like the one used by Hansen
and Hess (2006). Speciﬁcally, three images were presented sequen-
tially at the fovea for a duration of 500 ms each, separated by
500 ms inter-stimulus intervals that contained a noise mask. For
each trial, the second interval always contained the natural image
with the reference a. Randomly across trials, the natural image in
the ﬁrst or the third interval had the same slope as the image in
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natural image, but with a steeper or a shallower a. Participants
indicated if the image in the ﬁrst interval or the one in the third
interval was different than the image presented in the second
interval. A different natural image was presented on each trial. A
separate staircase was run for each reference a. The a of the test
stimulus approached that of the reference image after two correct
responses or moved away from that of the reference image after
one incorrect response.
Before measuring thresholds, participants were familiarised
with the task by running 40 trails with highly visible cartoon
images rather than with the natural image stimuli. In this training
task, the children had to say which of the ﬁrst and the third inter-
val had the same cartoon character as the middle interval. In this
case the test image (or the odd man out) was that of an obviously
different character (e.g., SpongeBob was in the second and third
intervals and Wile E. Coyote was in the ﬁrst). This ensured that
all children were able to maintain the contents of the three images
within short-term memory and made the appropriate comparison
at the end of each trial. All children successfully completed at 95–
100% of the trials of the familiarisation task.3.4. Results
The group thresholds for the 8- and 10-year-olds are shown in
Fig. 3. Again, the y-axis presents discrimination thresholds and the
x-axis presents the slope of the reference a. The means are very
similar to those reported in Experiment 1. Both groups have a slope
discrimination threshold of about 0.25 for the reference a of 0.7,
and 8-year-olds are about 1.8 times worse than the 10-year-olds
for the steeper a. As expected, a group  reference a ANOVA indi-
cates a signiﬁcant interaction, F(1,18) = 67.37, p < 0.05, g2p = .79, a
main effect of age, F(1,18) = 23.22, p < 0.05, g2p = .56, and a main ef-
fect of reference a, F(1,18) = 316.32, p < 0.05, g2p = .95. The two
groups had signiﬁcantly different thresholds for the reference a
of 1.3 but not for the reference a of 0.7. Together, these results sug-
gest that the pattern of results found in Experiment 1 was likely
not inﬂuenced by response criterion.4. Discussion
The present ﬁndings indicate that it is not until late childhood
that the human visual system becomes optimally tuned to the sta-
tistics of natural images. Six- and 8-year-olds are less sensitive
than adults when the amplitude spectra of natural images have aFig. 3. Slope discrimination thresholds for 8- and 10-year-old for reference a’s of
0.7 and 1.3.slope of 1.0 and 1.3. Little maturation seems to take place between
6- and 8-years of age. Although the data in Fig. 2 show that group
thresholds are somewhat lower for the 8-year-olds, their means
are not signiﬁcantly different from those of the younger group of
children. Sensitivity to a change in the slope of the amplitude spec-
trum appears to mature quite rapidly thereafter, to become adult-
like by 10 years of age. Therefore, like adults, 10-year-olds are bet-
ter at discriminating structural relations (slope) for blurred images
(slope of 1.3) than over-sharp images (0.7). This ability may allow
us to quickly assess focus and accommodate optimally.
The question remains as to whether the adult’s exquisite sen-
sitivity to the spatial properties of the natural world is experience
driven or whether it is part of our genetic programming that only
fully expresses itself in late childhood. Investigating the effect of
early visual deprivation on the development of natural scene
perception could provide at least part of this answer. We do know
that the disruption of patterned visual input because of dense and
central congenital cataract that are removed during the ﬁrst few
months of life permanently alters low-level aspects of perception
like acuity and spatial contrast sensitivity as it does for extra-
striate visual processes (Ellemberg et al., 2002, 2005; Ellemberg,
Lewis, Maurer, et al., 1999). If the same is true for slope
discrimination thresholds, this would support the role of visual
experience in tuning the human visual system to its natural
environment.
Nonvisual factors such as differences in attention or motivation
could have contributed to differences in performance between the
adults and children, but are unlikely to account for the overall pat-
tern of results. It is also unlikely that the pattern of results is ex-
plained by the possibility that 6 and 8-year-olds viewed images
with a slope of 0.7 as ‘awkward’ relative to the other two image
sets. All tasks measured thresholds, yet the children’s thresholds
were more immature for some conditions than others. For exam-
ple, 6-year-olds are nearly two times less sensitive than adults
for the steepest reference a, whilst they have adult-like results
for the shallowest a, suggesting that they understood and were
able to performance the psychophysical task. Finally, it is impor-
tant to consider that a change in the slope of an image also causes
a change in its perceived contrast, with images that have an a
around 1.0 having a higher perceived contrast than images that
have a steeper or a shallower slope (Baker and Graf, 2009; Parraga
and Tolhurst, 2000). However, it is unlikely that the observers used
perceived contrast as a cue upon which to base their discrimina-
tion judgements. Hansen and Hess (2012) recently found equal dif-
ferences in perceived contrast within the range of reference alpha’s
for which discrimination took place in the current study. For exam-
ple, the difference in perceived contrast between an image with an
a of .05 and an image with an a 1.0 is the same as the difference in
perceived contrast between images that have an a of 1.0 and 1.5.
Therefore, if perceived contrast was used to perform the slope dis-
crimination task, we would expect thresholds to be the same
regardless of reference alpha. Most importantly, we would not ex-
pect the children to show any difference in maturation as a func-
tion of reference alpha, which they do.
Although the main data set comes from a psychophysical task
that cannot account for response preference, differences in re-
sponse criterion are unlikely to explain the pattern of results found
in the present study. First, the adults’ thresholds are highly compa-
rable to those reported by Hansen and Hess (2006), who used a
forced-choice task for which there is both a correct and an incor-
rect response option. Second, to calculate thresholds, all children
were required to complete at least eight response reversals, which
would be impossible if they consistently provided the same answer
for all trials. Finally and most importantly, the means from the
smaller groups of 8- and 10-year-olds who were tested with the
three-interval, two-alternative forced-choice task in Experiment
6 D. Ellemberg et al. / Vision Research 67 (2012) 1–72 were the same as those obtained by the same age groups who
completed the same-different task in Experiment 1.
The 6- and 8-year-olds’s visual perception is immature for the
statistical regularities that that dominate the natural environment.
They are 1.5 and 1.9 times less sensitive than adults when the
amplitude spectra of natural images have a slope of 1.0 and 1.3,
respectively. Compared to the adults and 10-year-olds who are
exquisitely sensitive when the slope is 60.9, the 6- and 8-year-olds
are equally sensitivity at all reference a’s tested. This pattern of
development is akin to that of spatial frequency discrimination:
6- and 8-year-olds have greater immaturities for lower compared
to higher spatial frequencies and spatial frequency discrimination
is adult-like by 10 years of age (Ellemberg, Lepore, & Turgeon,
2010). This agrees with the band limited contrast model proposed
by Tolhurst and Tadmor (1997) and is consistent with the hypoth-
esis that natural scenes are decoded by low-level mechanisms
within the early visual pathways, as neurons in the primary visual
cortex have response proﬁles that are ideally suited to process the
particular statistical characteristics of natural images (Field, 1987;
Simoncelli & Olshausen, 2001). This is supported by recent human
neurophysiological data obtained with pattern-onset visual evoked
potentials (VEPs) for simple luminance sinusoidal gratings, com-
pound gratings, and natural images (Hansen et al., 2011). The rel-
ative dominance of the N1 and P1 components has the same
dependence on spatial frequency luminance contrast for simple
stimuli up to simplistic natural scene imagery. Taken together, this
suggests that the perception of natural images during development
is limited by the known immaturities in low-level spatial vision.
Foveal sampling and quantum processing are likely not mature
in 6 and 8 year old children (Yuodelis & Hendrickson, 1986) and
could be responsible, at least in part, for the differences in thresh-
olds that we recorded between the children and the adults. Inter-
estingly, the thresholds obtained by Hansen and Hess (2006) for
natural images presented 1 away from the adult fovea are very
similar to the 6- and 8-year-olds’ thresholds. Like the 6- and 8-
year-olds fovea, the adult’s parafovea is less sensitive for steeper
a’s (i.e., 60.85). In both cases, thresholds are a invariant: they
are about 0.25 for all reference a’s tested.
There is also evidence of changes in connectivity and responsi-
tivity within the geniculostriate pathway that extend past infancy.
The investigation of human post-mortem tissue suggests that syn-
aptic pruning is not completed until 11 years of age (Garey & De
Courten, 1983; Huttenlocher, 1984; Huttenlocher et al., 1982),
and developmental changes in GABAergic signalling in V1 protract
well into teenage years (Murphy et al., 2005; Pinto et al., 2010).
This is consistent with a recent study on the effect of equivalent in-
put noise on orientation discrimination in children (Ellemberg
et al., 2012). Six-year-olds were about four times less sensitive
than adults for the low noise conditions, suggesting that the main
source of developmental variation in orientation discrimination
likely occurs at the initial stages of feature coding associated with
neuronal responses in the striate cortex.
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